Graphical Abstract Highlights d Naa10p KO causes defects in genomic imprinting and embryonic development d Naa10p maintains Dnmt1 activity by facilitating Dnmt1 binding to DNA substrate d Naa10p selectively binds to ICRs of the imprinted allele via non-methylated GCXGXG d Ogden syndrome-causing Naa10p mutation disrupts ICR binding of Naa10p and Dnmt1
In Brief Lee et al. reveal an unexpected function for Naa10p, which is primarily known to acetylate nascent peptides from ribosomes, in maintaining global DNA methylation and marking the imprinted allele for genomic imprinting maintenance. Their results suggest that defects in DNA methylation and genomic imprinting may contribute to Naa10passociated Ogden syndrome. Genomic imprinting, a parental allele-specific gene expression phenomenon, is caused by allelic DNA methylation of imprinting control regions (ICRs) (also known as differentially methylated regions [DMRs] ) and plays an important role in development (Barlow and Bartolomei, 2014) . Imprinting is established de novo during spermatogenesis and oogenesis by the members of the DNA methyltransferase family Dnmt3a, 3b, and 3l, maintained by Dnmt1 in pre-implantation embryos and later developmental stages, and demethylated by Tet1 (ten eleven translocation 1) dioxygenase in primordial germ cells so that gamete-specific DNA methylation can be reestablished (Barlow and Bartolomei, 2014; Yamaguchi et al., 2013) . In addition to DNA methylation, specific histone modifications such as H3K9me2 (i.e., histone 3 dimethylated at lysine 9) (Zhang et al., 2016) , H3K9me3, and H4K20me3 (Delaval et al., 2007; Regha et al., 2007) are known to decorate the ICRs/DMRs of the imprinted allele. A recent study revealed that H3K27me3 controls DNA methylation-independent genomic imprinting (Inoue et al., 2017) . Defects in genomic imprinting often result in developmental defects (Peters, 2014) .
To date, only a few proteins have been reported to be important for maintaining genomic imprinting during global DNA demethylation in the zygotes. One example is the maternal kr€ uppel-associated box domain-zinc-finger binding protein 57 (Zfp57), which binds to the methylated TGCCGC motif in a subset of ICRs/DMRs and interacts with Dnmts via a corepressor, the tripartite motif-containing 28 (Trim28) (also called KRAB-ZFP-interacting protein [KAP1/TIF1b]) (Li et al., 2008; Quenneville et al., 2011; Zuo et al., 2012) . Maternal-zygotic deletion of Zfp57 or deficiency of oocyte Trim28 results in partial loss of genomic imprints and embryonic lethality (Li et al., 2008; Messerschmidt et al., 2012) . In addition, primordial germ cell protein 7 (PGC7, also called Stella/Dppa3) has been reported to bind to H3K9me2 to protect the imprinted loci from being demethylated by Tet3 in pre-implantation embryos (Nakamura et al., 2012) . A full account of the factors involved in imprinting maintenance is still lacking.
Mammalian N-a-acetyltransferase 10 protein (Naa10p, also called Ard1), encoded by the X-linked gene Naa10, belongs to the highly conserved N-terminal acetyltransferase (NAT) family of proteins that co-or post-translationally acetylate the N-terminal a-amino group of more than 80% of human proteins (Dö rfel and Lyon, 2015) . Both human and mouse Naa10p contain 235 amino acid residues (96% identity), with the acetyltransferase domain located at residues 42-110 (Sá nchez-Puig and Fersht, 2006) . Although Naa10p was originally shown to associate with ribosomes in the NatA complex with Naa15p and Huntingtin-interacting protein K, it has also been reported to localize in the nucleus in a variety of cell types (Aksnes et al., 2015; Dö rfel and Lyon, 2015; Park et al., 2014) . Naa10p regulates cell proliferation and cancer formation, DNA damage response, hypoxia, bone formation, and neuronal development in enzymatic activitydependent and -independent manners (Dö rfel and Lyon, 2015) . Missense mutations such as S37P (Rope et al., 2011) , R116W (Popp et al., 2015) , V107F (Popp et al., 2015) , Y43S (Casey et al., 2015) , R83C and F128L/I (Saunier et al., 2016) , as well as a splice donor mutation (Esmailpour et al., 2014) in human Naa10p (hNaa10p), have been associated with severe developmental delays. Among these, S37P-associated Ogden syndrome has the most severe phenotypes, which include postnatal growth failure, minimal subcutaneous fat, intellectual disability, premature aging, brain disorders, and lethality before 1.5 years of age. Although loss of hNaa10p NAT activity has been suggested to account for pathogenic phenotypes Popp et al., 2015; Rope et al., 2011) , the R116W mutation only barely affects the NAT activity of hNaa10p (Popp et al., 2015) , suggesting the existence of NAT-independent mechanisms. We previously showed that hNaa10p binds directly to DNMT1 to promote lung tumorigenesis in an hNaa10p NAT activity-independent manner (Lee et al., 2010) . Whether dysregulation of DNMT1 contributes to Naa10p mutation-caused developmental delays remains an intriguing question.
To characterize the role of Naa10p in DNA methylation and development, we generated a Naa10p-knockout (KO) mouse model. Our results show that Naa10 KO leads to defects in DNA methylation and genomic imprinting and that the Ogden syndrome-causing Naa10p S37P mutation disrupts ICR binding of Naa10p and Dnmt1.
RESULTS

Naa10p KO Results in Embryonic and Postnatal Developmental Defects
To understand the developmental function of Naa10p, we generated Naa10-KO mice ( Figure S1A ). Examination of the pups revealed that Naa10 KO resulted in lower birthrates (Table S1) . Consistently, 35% of Naa10-KO male and 27% of Naa10-KO female pups died with developmental defects during embryonic days 12.5-14.5. 18% embryonic lethality was observed for heterozygous Naa10 À/x embryos (the Naa10 allele on the maternally inherited X chromosome is shown first), but no lethality was observed for heterozygous Naa10 x/À embryos ( Figure 1A ; Figure S1B; Table S2 ). The lethality of the Naa10 À/x embryos was likely caused by preferential inactivation of the paternal X chromosome carrying the WT Naa10 allele in the placental tissues (Takagi and Sasaki, 1975) .
Next we assessed whether the lethality of Naa10-KO embryos was caused by placental abnormality. We found that the sizes of Naa10-null embryos were highly correlated with placental weight (see Figure 1B for Naa10 À/Y and Figure S1C for Naa10 À/X and Naa10 À/À ), suggesting that the placental defect contributed to lethality. In agreement with the notion, histological analysis indicated that the trophoblast giant cells (Gis), spongioblasts (Sps), and labyrinthine zone (La) were lost in the placentae of abnormally smaller Naa10 À/Y ( Figure 1C ) and Naa10 À/À ( Figure S1D ) embryos. Given that these regions are involved in oxygen and nutrient exchanges between fetus and mother (Pijnenborg et al., 1981) , the placental defect was likely a major cause of embryonic lethality and reduced litter size of Naa10-KO mice.
Of the mice that survived through embryonic development, $34% of Naa10-KO male mice developed a dome-shaped head, which is a common phenotype of hydrocephalus (Rekate, 2009) , 4-5 weeks after birth and died within 1 week after exhibiting the symptom ( Figure S1E ; Table S3 ). These mice exhibited enlarged lateral ventricles, a dilated third ventricle, and meningeal hemorrhage on the dome-shaped cranium, indicating increased brain pressure ( Figure S1E ). Notably, patients with Naa10p mutations also exhibit dilated brain ventricles (Rope et al., 2011) .
We also noticed that 40% of the Naa10-KO mice survived past 6 weeks but only had 80% of the body weight of their wild-type (WT) littermates at the age of 8 weeks. This reduced body weight persisted throughout development. At the age of 25 weeks, their body weight was only 75% of controls, implying that Naa10-KO mice were postnatally growth-retarded ( Figure 1D ). Because Naa10p is highly expressed in the testes and ovaries, Figure 1 . Phenotypes of Naa10-KO Mice (A) Naa10p deficiency causes partial embryonic lethality. Survival of Naa10-KO embryos at 12.5-14.5 days post-coitum (dpc) is shown. Naa10 X/Y and Naa10 À/Y are from Naa10 À/X females crossed with WT or Naa10-KO males. Naa10 X/X and Naa10 À/X are from Naa10 À/X females crossed with WT males. Naa10 X/À and Naa10 À/À are from Naa10 À/X females crossed with Naa10-KO males. Embryos alive or dead were determined by heartbeat and embryo morphology. Embryo numbers are indicated above each bar. (B) Positive correlation between embryo size and placenta weight in defective Naa10-KO embryos. Embryo size and placenta weight were measured for embryonic day 13.5 embryos of the WT (Naa10 X/Y , n = 9) and mutant (Naa10 À/Y , n = 17), derived from Naa10 À/X females crossed with WT males. Representative images of embryos (176 and 165) and their placentae are shown. Embryo size is plotted versus placenta weight for each individual. The correlation (R 2 ) and the p value for the Pearson analysis are shown. (C) Naa10 KO results in placental defects. Representative images of H&E-stained WT (176) and Naa10-KO (165) placentae at 13.5 dpc are shown. Regions in black rectangles are enlarged at the bottom. De, decidual; Ch, chorionic plate; Gi, trophoblast giant cells; La; labyrinthine zone; Sp, spongioblast. (D) Naa10-KO mice show growth retardation. The body weight of WT (Naa10 X/Y , n = 14) and Naa10-KO (Naa10 À/Y , n = 21) mice was monitored for 4 weeks. Black arrows indicate mice that were found dead at the next time point. The image is representative of WT and Naa10-KO mice at the age of 25 weeks. (E) Naa10-KO mice exhibit maternal effect lethality. Four types of breeding were carried out with parental strains of the indicated genotype. Pup survival was determined by heartbeat 24 hr after birth. (F) Summary of phenotypes of Naa10-KO mice. See also Figure S1 and Tables S1-S3. (legend continued on next page)
we analyzed the effect of Naa10p deficiency on fertility and found that Naa10-KO female mice (Naa10 À/À ) generated 4 ± 2 pups per litter with only a 10% perinatal survival. Among the 51 newborns, only 5 (exclusively Naa10 À/X ) survived for 24 hr, which is much less than those generated from WT or Naa10-heterozygous females crossed with WT males ( Figure 1E ). These results indicated that Naa10 KO resulted in maternal effect lethality. Because WT female mice crossed with WT or Naa10-KO male mice generated a similar litter size and perinatal survival rate of pups, we suspected that Naa10p deficiency had little effect, if any, on spermatogenesis ( Figure 1E ). In summary, $30% of Naa10-KO mice exhibited embryonic lethality, likely because of placental defects, 20% developed hydrocephalus followed by death, and 40% showed postnatal growth retardation with reduced body weight and maternal effect lethality ( Figure 1F ). Only 10% of Naa10-KO mice had a comparable body size as the WT; however, these mice also exhibited maternal effect lethality ( Figure 1E ).
Naa10p KO Alters the Expression of Imprinted Genes
The developmental phenotypes exhibited in Naa10-KO mice are frequently observed in mice with imprinting defects, including mice derived from Dnmt1-KO oocytes or Tet1-KO sperms (Howell et al., 2001; Yamaguchi et al., 2013) . This observation, combined with the fact that Naa10p regulates DNA methylation in human cancer cells (Lee et al., 2010 ), prompted us to analyze possible imprinting defects. To this end, we crossed Naa10-heterozygous C57BL/6 female with WT JF1 male mice (Kobayashi et al., 2006) to generate C57BL/6-JF1 hybrid embryos so that the two parental alleles could be distinguished using the species-specific SNPs. The two Naa10-KO embryos (79 and 85) were smaller than their WT littermates ( Figure 2A ). qRT-PCR analysis revealed increased mRNA levels for both H19 and Kcnq1ot1 and reduced levels for Igf2 and Cdkn1c in the Naa10-KO embryos (Figure 2A ). The results are consistent with the known reciprocal regulation of these pairs of genes, H19-Igf2 and Kcnq1ot1-Cdkn1c (Fitzpatrick et al., 2002; Thorvaldsen et al., 1998) . To confirm that upregulation of H19 and Kcnq1ot1 was due to loss of silencing of the imprinted allele, H19 and Kcnq1ot1 RT-PCR products were digested with a JF1-or C57BL/6 SNP-sensitive endonuclease, respectively. As expected, only digestion of the 360-bp H19 PCR product from Naa10-KO embryos yielded fragments of 200 and 160 bp, indicating that Naa10p deficiency caused abnormal paternal expression of H19 ( Figure 2B ). Similar results were obtained for Kcnq1ot1 ( Figure 2B ). These data demonstrate that Naa10p controls allele-specific imprinted gene expression in mouse embryos.
To examine whether Naa10p has a general role in controlling imprinted gene expression, we carried out allele-specific RNA sequencing (RNA-seq) analysis of two clones of WT and Naa10-KO embryonic stem cells (ESCs) independently derived from different embryos of the same litter. Of note, Naa10p-deficient ESCs were similar to WT with regard to morphology (Figure S2A ) and levels of pluripotent factors ( Figure S2B ). RNAseq revealed that 1,542 genes involved in development and cell differentiation were differentially expressed in both KO ESCs ( Figure S2C ). Importantly, 40 and 23 of the 68 and 65 detectable imprinted genes, respectively, in the two KO clones were dysregulated ( Figure 2C ; Table S4 ). Statistical analysis showed that the imprinted genes were significantly enriched among the dysregulated genes in Naa10-KO ESCs ( Figure 2D ). Besides H19-Igf2 and Kcnq1ot1-Cdkn1c (Figure 2A ), other dysregulated imprinted genes identified by RNA-seq included the well-characterized Peg10-Ppp1r9a pair (Ono et al., 2006;  Table  S4 ). As expected, expression of the maternally imprinted alleles of Peg10, Peg13, Kcnq1ot1, Mest, Peg3, and Snrpn and the paternally imprinted allele of H19 was increased in Naa10p-deficient ESCs (Figure 2E ; Figure S2D ). In KO#1, the paired imprinted genes Peg3-Zim3 and Kcnq1ot1-Ascl2 (Fitzpatrick et al., 2002) were also dysregulated (Table S4) . Notably, Naa10p deficiency affected both paternally and maternally imprinted genes (Table S4 ). These data indicate that loss of Naa10p function has a broad effect on imprinted gene expression, although Naa10p does not control all of them (e.g., Meg3).
Naa10p KO Causes Hypomethylation of ICRs
To understand the mechanism underlying the defect in imprinted gene expression, we analyzed the effect of Naa10p depletion on DNA methylation. Reduced representative bisulfite sequencing (RRBS) revealed that many ICRs/DMRs covered by RRBS were hypomethylated in Naa10p-null ESCs ( Figure 3A ). The hypomethylated regions included the maternally imprinted ICRs/DMRs of Trappc9-Peg13, Kcnq1-Kcnq1ot1, Mest, Snrpn, and Grb10 as well as the paternally imprinted H19-ICR (Figure 3A; Figure S3A ). Because no SNPs on Peg10 and Peg3 DMRs were available, their methylation status could not be evaluated by RRBS ( Figure 2E ). Consistent with the RRBS results for ESCs, bisulfite sequencing indicated that the paternal H19-ICR and the maternal Kcnq1ot1-DMR were indeed hypomethylated in the two Naa10-KO embryos analyzed ( Figure 3B ). RRBS further revealed that hypomethylation was not limited to (C) RNA-seq identifies multiple dysregulated imprinted genes in Naa10p-KO ESCs. Two WT (X/Y) and two Naa10-KO (À/Y) B6/JF1 hybrid ESCs were used for RNA-seq analysis. Numbers of upregulated (black bar) and downregulated (white bar) imprinted genes with fold changes >1.5 and fragments per kilobase of exon per million fragments mapped (FPKM) >0.4 are shown. The numbers at the left above each bar indicate the numbers of dysregulated imprinted genes, and the numbers at the right indicate the numbers of total detectable imprinted genes (FPKM > 0.4). Fold change = FPKM of KO/average FPKM of WT1 and WT2. (D) Imprinted genes are significantly enriched among the total number of genes for which expression changed in Naa10p-KO ESCs. The RNA-seq results in (C) were compared for dysregulated genes (DGs) among the total number of genes detected (total Gs) and dysregulated imprinted genes (DIGs) among the total number of imprinted genes detected (total IGs) assessed with the chi-square test. ***p < 0.001. (E) Naa10p KO increases gene expression from the imprinted allele in ESCs. Allele-specific RNA-seq results of eight imprinted genes from WT#1 and KO#1 ESCs are shown. The reads were mapped to B6 and JF1 genomes using the allele-specific alignment pipeline (ASAP), and only the reads specific to either genome were retained as maternal B6 (red) or paternal JF1 (blue) reads. The RNA-seq density profiles were normalized to the density per million total reads with a resolution of 25 bp. For each gene, the genomic location is shown at the bottom. See also Figure S2 and Table S4 . ICRs/DMRs but, rather, global ( Figure 3C ; Figure S3B ). Consistently, dot blot analysis of genomic DNA from embryos showed that Naa10p KO greatly reduced the global 5-methylcytosine (5mC) level ( Figure 3D , compare lanes 6 and 7 with lanes 3-5 and lanes 9 and 10 with lane 8). Collectively, these data indicate that Naa10p plays an important role in maintaining DNA methylation in mouse embryos and ESCs.
Naa10p Deficiency Impairs Dnmt1 Activity and Recruitment to ICRs/DMRs To understand how Naa10p KO downregulated DNA methylation, we first examined whether any of the proteins known to regulate DNA methylation were affected by Naa10p deficiency. Western blotting analysis indicated that the nuclear levels of Zfp57, Trim28, and components of the DNA methylation machinery (e.g., Dnmt1, Dnmt3a/b, and Uhrf1) and the 5mC oxidation machinery (e.g., Tet1 and Tet2) involved in DNA demethylation were not altered by Naa10p KO (Figures S3C, S3D , and S4A). Moreover, Naa10p KO did not disrupt the interaction between Dnmt1 and Uhrf1 ( Figure S3D ). Because hNaa10p can regulate DNMT1 activity in human lung cancer cells (Lee et al., 2010) , we tested whether Naa10p KO affected Dnmt1 activity in mouse ESCs. Naa10p depletion caused an $60% reduction in Dnmt1 activity toward a hemi-methylated DNA oligo substrate when nuclear extracts were used as the enzyme source ( Figure 4A ), whereas the activity was reduced by $40% when endogenous Dnmt1 immunoprecipitated from the nuclear extracts of Naa10-KO ESCs was analyzed ( Figure 4B ). These results indicated that Naa10p positively modulates Dnmt1 activity in mouse ESCs. In contrast, the effect of Naa10p KO on the de novo DNA methyltransferase activities of Dnmt3a/3b seemed to be limited ( Figure S4A ). This result is consistent with our previous finding that hNaa10p does not associate with the full-length DNMT3a/ 3b (Lee et al., 2010) . Thus, we conclude that Naa10p regulates DNA methylation mainly through Dnmt1.
We next explored the mechanism by which Naa10p maintains the global activity of Dnmt1. An electrophoretic mobility shift assay (EMSA) demonstrated that binding of Dnmt1 to the hemimethylated DNA oligo used in the activity assay was reduced in Naa10p-KO nuclear extracts (data not shown), suggesting that loss of Dnmt1 activity in the absence of Naa10p might be due to the decreased binding of Dnmt1 to its substrate. This observation was confirmed by chromatin immunoprecipitation (ChIP) analyses, which demonstrated that Naa10p KO greatly reduced the binding of Dnmt1 to ICRs/DMRs in S phase mouse embryonic stem cells (mESCs) ( Figure 4C ; Figures S4B and S4C ). A similar effect was observed in Naa10p-KO embryos ( Figure 4D ). Notably, Naa10p depletion neither decreased Dnmt1 binding to Meg3-intergenic germline-derived (IG)-DMR ( Figure 4C; Figures S4B  and S4C ) nor affected the binding of Zfp57 to these ICRs/DMRs ( Figure S4D ), supporting the specificity of Naa10p-mediated Dnmt1 recruitment. Furthermore, reduced binding of Dnmt1 to DNA was not limited to ICRs/DMRs but also occurred at non-imprinted loci ( Figure S4E ). Together, these results support that loss of Naa10p impairs global DNA methylation and genomic imprinting though decreased Dnmt1 recruitment to DNA.
Naa10p Co-localizes with Dnmt1 at ICRs/DMRs Given that hNaa10p associates with DNMT1 in vitro and in human lung cancer cells (Lee et al., 2010) and that ICR/DMR localization of Dnmt1 depends on Naa10p (Figures 4C and 4D ; Figure S4C ), we suspected that Naa10p and Dnmt1 might co-occupy ICRs/DMRs. To test this possibility, we performed a sequential ChIP analysis in which ChIP was initially carried out with a Dnmt1 antibody (Ab) ( Figures 4C and 4D ; Figure S4C ), followed by ChIP with an Naa10p Ab. Indeed, Naa10p and Dnmt1 co-occupied ICRs/DMRs in both mouse ESC lines ( Figure 5A ; Figure S5 ) and an embryo ( Figure 5B ). The sequential ChIP signal was specific because very little binding was detected in the absence of Naa10p.
Naa10p Selectively Binds to the Imprinted Allele at ICRs/DMRs The observations that Naa10p KO reduces Dnmt1 binding to ICRs/DMRs and that Naa10p can be re-ChIPed with Dnmt1 on ICRs/DMRs raised the possibility that Naa10p might associate specifically with the imprinted allele to recruit Dnmt1 and/or stabilize its binding. To test this possibility, allele-specific ChIP-seq was performed in mESCs. The results demonstrated that Naa10p indeed selectively bound to the ICRs/DMRs of the imprinted allele of multiple imprinted genes except Meg3 (Figure 6A ). Integrated analyses of the Naa10p ChIP-seq and the publicly available ChIP-seq data of H3K9me2 , H3K9me3 (Encode: ENCSR343RKY) and H4K20me3 (GEO: GSE26680) in mESCs indicated that Naa10p peaked together with H3K9me3 and H4K20me3 but not H3K9me2 at ICRs/ DMRs ( Figure 6A ). ChIP-seq also revealed that Naa10p bound preferentially to distal intergenic regions ( Figure S6A ) and to both alleles at non-imprinted loci ( Figure S6B ). Analysis of the Naa10p ChIP-seq and RRBS data further demonstrated that Naa10p-bound regions were enriched for DNA methylation ( Figure S6C ). Consistently, ChIP-qPCR revealed that the ICRs/ DMRs bound by Naa10p were enriched with SNPs that matched the imprinted allele ( Figure S6D ) with high levels of DNA (B6) and blue (JF1) lines represent the percent methylation for each cytosine scored, which ranges from 0%-100%. For each gene, reference sequence (RefSeq) exon organization (blue) and location of CpG islands (green) are shown at the bottom. 6 and 7 and lanes 9 and 10) . Methylene blue staining shows equal loading in lanes 3-7 and lanes 8-10. See also Figure S3 . methylation ( Figure 6B ). Furthermore, Naa10p co-existed with H3K9me3 ( Figure 6C ), but not H3 acetylated at lysine 9 (H3K9ac) ( Figure 6D ), at ICRs/DMRs in the WT but not the Naa10-KO embryo. These data indicate that Naa10p preferentially binds to the imprinted allele in mouse ESCs and embryos.
Ogden Syndrome-Causing Naa10p S37P Mutation Disrupts ICR-Binding of Naa10p and Dnmt1 In Vitro The fact that Naa10p harbors a putative homeobox DNA-binding domain at its C terminus (Whiteway and Szostak, 1985) Figure S4C . ted us to assess whether Naa10p could bind to ICRs/DMRs directly. EMSA analysis indicated that hNaa10p was able to bind specifically to a 189-bp mouse H19-ICR ( Figure S7A ). Moreover, Naa10p bound to a 20-bp region of the H19-ICR containing the GCXGXG motif, which shares consensus sequences with CTGT/GG/A identified by Naa10p ChIP-seq based on the STAMP (structural alignment of multiple proteins) analysis but failed to bind the fragment efficiently when the GCXGXG motif was mutated ( Figure 7A , compare lanes 10-15 with lanes 1-3; Figure S7B ). Because GCXGXG contains two potential CG sites, we further analyzed whether the methylation of these sites would affect Naa10p binding. Interestingly, hNaa10p had the greatest affinity for the non-methylated oligo (Figure 7A, compare lanes 1-3 with  lanes 4-9) .
Next we analyzed whether clinically relevant mutations could disrupt the DNA binding activity of Naa10p. The EMSA results indicated that the Ogden syndrome-associated mutation S37P, as well as another two clinically relevant mutations, V107F and R116W, markedly reduced the binding of Naa10p to the 20-bp fragment of mouse H19-ICR ( Figure 7B ) or nucleosomes reconstituted onto the 216-bp Widom-601 sequence (Juan et al., 1994) , which contains four GCXGXG motifs ( Figure S7C ). Furthermore, WT Naa10p, but not the S37P mutant, could enhance the binding of purified DNMT1 to mouse H19-ICR ( Figure 7C) . Indeed, the S37P mutant disrupted DNMT1 binding ( Figure 7C , compare lanes 7-9 with lane 3). Together, these data suggest that failure of the Naa10p mutant in binding to ICRs/DMRs affects DNMT1 recruitment.
DISCUSSION
This study not only reveals an unexpected function for Naa10p, a NAT primarily known to acetylate nascent peptides from ribosomes, in maintaining global DNA methylation and marking the imprinted allele for genomic imprinting maintenance but also suggests that defects in DNA methylation and genomic imprinting may contribute to Naa10p-associated human diseases.
Naa10p Is a DNA Binding Protein that Marks the Imprinted Allele
The finding that Naa10p preferentially recognizes non-methylated GCXGXG in vitro ( Figure 7A ; Lee et al., 2010) and selectively binds to methylated ICRs/DMRs at the imprinted allele B A Figure 5 . Naa10p and Dnmt1 Co-occupy ICRs/DMRs (A) Naa10p co-localizes with Dnmt1 at multiple ICRs/DMRs in WT mouse ESCs. ChIP with the Dnmt1 Ab from WT#1 and KO#1 ESC clones was carried out again with Naa10p Ab, followed by qPCR with primers against the ICRs/DMRs indicated. Biological repeats using independent ESC clones WT#2 and KO#2 are shown in Figure S5. (B) Naa10p co-localizes with Dnmt1 at multiple ICRs/DMRs in a WT mouse embryo. ChIP with the Dnmt1 Ab in Figure 4D in vivo ( Figure 6B) is particularly intriguing. Given that GCXGXG is highly enriched in ICRs/DMRs ( Figure S7D) , it is likely that Naa10p first binds to unmethylated GCXGXG in the ICRs/DMRs of the imprinted allele and then recruits Dnmt1 at S phase for methylation. Currently, it is unclear how Naa10p selectively binds to the imprinted allele. The fact that Naa10p peaked together with H3K9me3 and H4K20me3, but not H3K9me2, at ICRs/DMRs in mESCs ( Figure 6A ) and that the H3K9me3 associated with ICRs/ DMRs was significantly decreased in the Naa10-KO embryo ( Figure 6C ) suggest a role for the imprinted allele-specific H4K20me3 in the recruitment of Naa10p, which remains to be shown. In addition, DNA methylation was reduced in both Naa10p-bound and -unbound regions when Naa10p was knocked out (data not shown), suggesting that, although Naa10p exhibits sequence-specific effects, it does have a broader role in DNA methylation.
Naa10p and Zfp57
Prior to our study, Zfp57 was the only known DNA binding protein confirmed by allele-specific SNPs to selectively associate with the imprinted allele for genomic imprinting maintenance (Strogantsev et al., 2015) . By analyzing the Zfp57 ChIP-seq data of mESCs (Quenneville et al., 2011; Strogantsev et al., 2015) , we found that Zfp57 could bind to all ICRs/DMRs occupied by Naa10p revealed in our study ( Figure S4D ). Nevertheless, Zfp57 binding to ICRs/DMRs of Peg13, Kcnq1ot1, H19, and Snrpn was not altered in Naa10-KO ESCs despite disruption of imprinting under our experimental conditions ( Figure S4D) . Thus, it is unlikely that disruption of genomic imprinting in Naa10p-KO ESCs was due to a loss of Zfp57 function. Instead, the results suggest that, in the absence of Naa10p, binding of Zfp57 to ICRs/DMRs is not sufficient to achieve genomic imprinting. We also analyzed the list of dysregulated imprinted genes in a Zfp57-KO mESC clone (Quenneville et al., 2011) and two Trim28-KO mESC lines (Cheng et al., 2014) and found that only eight targets are commonly regulated by Naa10p and Zfp57. Interestingly, Naa10p and Trim28 appear to share more imprinted gene targets ( Figure S2E ).
Naa10p Is Not Likely to Acetylate Dnmt1
As an acetyltransferase, Naa10p may regulate Dnmt1 activity and its binding to DNA by acetylating Dnmt1 at its N terminus or internal lysines. However, this is unlikely to be the case. We have demonstrated previously that the acetyltransferase activity is dispensable for Naa10p to stimulate DNMT1 activity (Lee et al., 2010) . Moreover, the N-terminal amino acid sequence of Dnmt1 does not match the consensus acetylation sequence of Naa10p (Arnesen et al., 2009; Van Damme et al., 2011) . Consistently, DNMT1 is not one of the human Naa10p substrates identified by proteomic approaches (Arnesen et al., 2009; Van Damme et al., 2011) . Finally, purified (and active) Naa10p failed to acetylate the N-terminal amino acid nor internal lysine residues of a Dnmt1 peptide in vitro (data not shown), which is consistent with a previous study showing that Naa10p does not acetylate internal lysine (Magin et al., 2016) . Together, these data suggest that Naa10p is not likely to regulate DNA methylation by acetylating Dnmt1.
The Role of Naa10p in Development Although Naa10p-KO-mediated growth retardation is consistent with reports of other Naa10p-deficient organisms (Chen et al., 2014; Ree et al., 2015; Wang et al., 2010; Whiteway and Szostak, 1985; Yoon et al., 2014) , our data indicate that Naa10p-KO phenotypes are not fully penetrant (Figure 1 ). This could be due to general effects of imprinting disorders similar to those reported in Zfp57 KO (Li et al., 2008) , Trim28 KO (Messerschmidt et al., 2012) , oocyte Dnmt1 KO (Howell et al., 2001) , and Tet1 KO (Yamaguchi et al., 2013) . In addition, some of the Naa10p-KO mice could still develop to term. This is likely because DNA methylation is not completely lost in Naa10-KO mice. The remaining 20%-50% of DNA methylation at different regions in different Naa10p-KO mice may explain the stochastic nature of the phenotypic effect. Several Naa10p-regulated imprinted genes may partly explain the phenotypes such as growth retardation and neuronal defects shared by Naa10-KO mice and patients with Naa10p mutations. For example, Naa10p KO results in upregulation of H19 and Peg3. H19-KO embryos are abnormally large (Constâ ncia et al., 2002; Leighton et al., 1995) , suggesting that elevated H19 expression inhibits growth. Peg3 overexpression can cause neuronal defects by inducing apoptosis of neurons through a p53-dependent mechanism (Johnson et al., 2002) . Imprinted genes such as Igf2, Ascl2, and Grb10 that are downregulated by Naa10p deficiency may also contribute to the phenotypes. Consistent with our study, Igf2-null embryos are smaller (Constâ ncia et al., 2002) , and loss of Igf2 reduces proliferation of neuron progenitor cells in the adult hippocampus (Bracko et al., 2012) . Ascl2-KO embryos die from placental failure on embryonic day 10.5. In mutant placentae lacking Ascl2 expression, spongiotrophoblast cells and their precursors are absent, and the chorionic ectoderm is reduced (Guillemot et al., 1994) , which is similar to what we observed in Naa10-KO placentae. Furthermore, a low level of Grb10 correlates with growth and neuronal defects in mice (Plasschaert and Bartolomei, 2015) and a small placenta and low birth weight in humans (Mukhopadhyay et al., 2015) . Besides these imprinted genes, other nonimprinted genes or protein acetylation dysregulated by Naa10p KO may also contribute to some of the observed phenotypes.
In summary, our study not only reveals a regulator of genomic imprinting but also links Naa10p mutation-associated syndromes to defects in DNA methylation and genomic imprinting.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (C) Naa10p co-exists with H3K9me3 at multiple ICRs/DMRs. Sequential H3K9me3-Naa10p ChIP-qPCR assays in WT (72, Naa10 X/Y ) and Naa10-KO (70, Naa10 À/Y ) embryos were performed. Top, primary H3K9me3 ChIP. Bottom, secondary Naa10p ChIP. (D) Naa10p does not co-localize with H3K9ac at ICRs/DMRs. Sequential H3K9ac-Naa10p ChIP-qPCR assays were performed with WT (74, Naa10 X/Y ) and Naa10-KO (76, Naa10 À/Y ) embryos. Top, primary H3K9ac ChIP. Bottom: secondary Naa10p ChIP. (C and D) Data relative to input DNA are shown as the mean ± SD from triplicate PCR reactions. Asterisks indicate a statistical difference calculated by two-tailed t test: *p < 0.05, **p < 0.01. See also Figure S6 . 5, 8, 11, and 14) and 4 mg (lanes 3, 6, 9, 12, and 15 ). (B) Clinically relevant mutations disrupt the binding of Naa10p to the H19-ICR fragment. Left: Coomassie blue staining of recombinant WT and mutant hNaa10p used for the EMSA. Right: EMSA of WT and mutant hNaa10p binding to the biotin-labeled 20-mer oligo of mouse H19-ICR. hNaa10p amount: 1 mg (lanes 2, 5, 8, and 11), 2 mg (lanes 3, 6, 9, and 12), and 4 mg (lanes 4, 7, 10, and 13).
(C) WT Naa10p, but not the Ogden syndrome-relevant S37P mutant, facilitates DNMT1 binding to H19-ICR. The biotin-labeled 189-bp ChIP region of mouse H19-ICR was incubated in the absence (lane 1) or presence of recombinant human DNMT1 (lane 2, 0.5 mg, and lanes 3-9, 1 mg) with WT human Naa10p (lanes 4-6) or its S37P mutant (lanes 7-9) for EMSA. hNaa10p amount: 0.5 mg (lanes 4 and 7) , 1 mg (lanes 5 and 8), and 2 mg (lanes 6 and 9). See also Figure S7 . 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Li-Jung Juan (ljjuan@gate.sinica.edu.tw).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
All animal studies were performed according to procedures approved by Institutional Animal Care and Use Committee of Academia Sinica. Naa10-KO mice were generated as follows. Three C57BL/6 blastocysts were each injected with one Naa10-engineered (see Figure S1A ) R1 ESC (129 Sv/Ev) clone and surgically implanted into pseudopregnant female mice (Swiss Webster) at 2.5 dpc to generate chimeras according to standard procedures. The chimeric males were crossed with C57BL/6 females. Southern blot and PCR were performed to screen for litters with agouti coat color germline transmission carrying floxed Naa10 allele (Naa10 X/flox ). Naa10 X/flox female mice were next crossed with the EIIa-Cre transgenic male mice (Lakso et al., 1996) to generate mice carrying deleted allele at one of two Naa10 alleles. Since Naa10 is located on X chromosome, the Naa10-KO male mice were maintained by crossing Naa10-heterozygous females (Naa10 À/X ) with WT C57BL/6 males (Naa10 X/Y , Mus musculus domesticus) and used for experiments after at least six generations of backcross with C57BL/6 mice. JF1 strain (Mus musculus molossinus) was obtained from National Institute of Genetics (NIG), Japan. Single nucleotide polymorphisms between C57BL/6 and JF1 strains were identified using NIG mouse genome database (http://molossinus.lab.nig.ac.jp/msmdb/index.jsp).
Mouse ESC Culture
The C57BL/6-JF1 hybrid-ESCs were derived from embryos of Naa10 À/X C57BL/6 female mice crossed with WT JF1 male mice according to a previous report (Bryja et al., 2006) (Tsumura et al., 2006) were cultured in standard DMEM supplemented with 15% fetal bovine serum and LIF (1x10 3 U/ml) in the presence of irradiated MEF feeders. All experiments with ESCs were performed in cells with five passages free of MEFs.
METHOD DETAILS
Histology Analysis
Whole-mount embryos at 13.5 dpc and placentae were placed in phosphate-buffered saline, examined, and photographed with a dissecting microscope (Olympus). For placental histology, placental tissues were fixed in cold paraformaldehyde (4%), dehydrated in sucrose (30%), embedded in OCT-compound (TissueTek), and sectioned into 8 mm in thickness, followed by hematoxylin and eosin staining. For brain histology, whole mouse head was obtained, fixed in cold paraformaldehyde (4%), decalcified in EDTA (10%), embedded in OCT-compound (TissueTek), coronally sectioned into 8 mm in thickness, followed by hematoxylin and eosin staining.
RNA-Seq, Data Analysis, and RT-PCR Total RNAs purified from mouse embryonic stem cells using RNeasy Plus Mini Kit (QIAGEN) were treated with DNase I to remove residual genomic DNA, enriched by oligo-dT magnetic beads, and sonicated (Bioruptor, Diagenode) into roughly 200 bp fragments. cDNAs were synthesized with random hexamer-primers, purified by silicon-coated magnetic beads, blunted in the ends, added with a single adenine at 3 0 end, ligated with sequencing adaptors and PCR-amplified. The quality and quantity of the resulting library were determined by Agilent 2100 Bioanaylzer and ABI StepOnePlus Real-Time PCR System, respectively. The library products were sequenced by Illumina HiSeq 2000. RNA-seq data analysis was performed with Tophat and Cufflinks using UCSC mm9 annotation (Trapnell et al., 2012) . Functional annotation of the dysregulated genes was performed with DAVID (https://david.ncifcrf.gov/) (Huang et al., 2009) . Allele specific analysis of RNA-seq was performed with Allele-specific Alignment Pipeline (ASAP) (https://www. bioinformatics.babraham.ac.uk/projects/ASAP/). The reads were mapped to B6 and JF1 genomes and only reads specific to either genome were retained as maternal B6 or paternal JF1 reads. The RNA-seq density profiles were normalized to the density per million total reads with a resolution of 25 bp using IGVtools. For RT-PCR, total RNAs were collected using RNeasy Plus Mini Kit (QIAGEN) and converted into cDNA with SuperScript III reverse transcriptase (Invitrogen) and poly-dT(12-18) oligo. Real-time PCR was performed using the LightCycler 480 (Roche) according to the manufacturer's instructions. All real-time PCR was carried out in triplicate.
Allelic Gene Expression Analysis
Total RNAs of embryos at 10.5 dpc from Naa10-heterozygous female mice crossed with JF1 male mice were obtained using RNeasy Plus Mini Kit (QIAGEN) according to manufacturer's instruction, followed by cDNA synthesis using oligo-dT primer and SuperScript III reverse transcriptase (Invitrogen). RT-PCR products of H19 (360 bp) and Kcnq1ot1 (418 bp) (for primers see Table S5 ) were digested with BglI and PvuII which cut at JF1-or B6-specific SNP, respectively, and separated by agarose gel eletrophoresis.
Bisulfite Sequencing
Conversion of non-methylated cytosine to uracil by Na-bisulfite treatment was carried out with embryonic genomic DNA using EpiTect Fast Bisulfite kit (QIAGEN) according to manufacturer's instruction. PCR products (for primers see Table S7 ) were cloned into pCR2.1-Topo vector (Invitrogen) and the resulting clones were randomly picked up for sequencing.
Reduce Representation Bisulfite Sequencing (RRBS)
The RRBS libraries were generated from MspI-digested genomic DNA and sequenced on an Illumina Hiseq 2500 as previously described (Gu et al., 2011) , with some modifications. All obtained reads were trimmed and mapped against the mouse genome (mm9 build) with Bismark v0.7.12, and the methylation call for every single CpG was extracted by bismark methylation extractor script. The CpGs covered by at least 8 reads were analyzed.
5mC Dot Blot Assay Genomic DNA was isolated using a genomic DNA extraction kit (QIAGEN), serially diluted and denatured in 0.4 M NaOH, 10 mM EDTA at 95 C for 10 min. Denatured DNA samples were spotted onto Zeta probe blotting membrane (Bio-Rad) with a Bio-Dot microfiltration apparatus (Bio-Rad) according to manufacturer's instructions. Each membrane was then washed with 2x saline-sodium citrate buffer, air-dried, crosslinked with UV at 5 mJ/cm 2 , and blocked with 5% skim milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBS-T), followed by incubation with the 5mC Ab (2 mg/ml, Eurogentec) for 1 hr at room temperature. Each membrane was then washed with TBS-T and probed with horseradish peroxidase-conjugated secondary Ab (goat anti-mouse IgG, 0.2 mg/ml, Santa Cruz Biotechnology) and detected with ECL reagent (Thermo Fisher Scientific). To measure the relative amount of each sample, the same blot was stained with 0.04% methylene blue in 0.3 M sodium acetate (pH 5.2).
QUANTIFICATION AND STATISTICAL ANALYSIS
Embryo size (mm 2 ) in Figure 1B and Figure S1C was calculated by multiplying the length of long axis from head to tail by the length of short axis from abdomen to dorsum using embryo photos. All statistical analyses were performed with Prism Graphpad software and indicated in figure legends.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the RNA-seq, RRBS, and ChIP-seq reported in this paper are GEO: GSE89055, GSE83206, and GSE102224, respectively. Raw data of western, dot blots and EMSA are also deposited in Mendeley data under link http://dx.doi. org/10.17632/k7xnhjhhsr.1.
